Due to increasing numbers of airplane operations on international airports in Germany, the efficiency of airport-ground operations becomes more and more important. Some airports, such as the international airport of Duesseldorf, have reached their capacity limit and need major improvements in order to handle the continuously growing number of airplanes and passengers. Further expansion of the airport is impossible because of limited space. To improve airport-ground operations, simulations are useful for evaluating suggestions in advance and for avoiding poor planning. Therefore the CAMAT-Model was developed (Cellular Automaton Model for Airport Traffic), seeking to simulate the dynamics of all airplanes as realistically as possible. Improvements on the current layout as well as new taxiways and new taxiing routes can be simulated.
Introduction
The expected growth rate for airplane traffic in Germany is over 2.3 % per year in contrast to 0.2 % for motorized private transport, 0.3 % for railway transport and -0.1 % for public road transport. This leads to the fact that airplane traffic is the most increasing mode of transport [1, 2] due to the continuing trend toward long-distance travel and the increasing interdependence of international commerce.
The increase of airplane traffic has created problems on almost all international airports in Germany, including long queues of airplanes waiting for take-off in front of the runways because of the runway's limited capacity. For improvement airport surface operations have to become more efficient in order to be able to handle the increasing number of airplanes and to reduce waiting times. Simulations are useful to evaluate suggestions in advance and to avoid poor planning. The CAMAT-Model (Cellular Automaton Model for Airplane Traffic) is designed exactly for this purpose. It simulates the airplanes in a microscopic way and gives the opportunity to track every single airplane.
The main objective of this paper is to build up a realistic microscopic simulation on the airport of Duesseldorf in cooperation with the German air-traffic-control which simulates the behavior of every single airplane and the interaction between airplanes. Their changes in behavior shall be studied while changing taxiing routes or changing the layout of the taxiways. This shall also lead to a reduction of taxiing times and thereby to a reduction of fuel consumption in order to reduce environmental pollution.
Cellular automata for airplane traffic
Cellular automata models (CA), being well known from road traffic and pedestrian traffic [3] [4] [5] [6] , are a very efficient method to simulate non-linear traffic with interactions. They can capture the main features of human driving behavior and the interaction between actors [7] .
With regards to airplane traffic a few models have been developed to simulate ground operations on airports [8, 9] . These models' significant weakness is their usage of a constant taxiing speed. Studies at the airport of Duesseldorf have shown that a constant speed does not exist: taxiing speed can differ and even speed drops can be seen. One mesoscopic model based on cell transmission [10, 11] is the model of Yang et al. [12] using empirical data of Guangzhou Baiyun International Airport (China) . Although this model discribes the dynamic of airplanes on a high level it is not applicable to the airport of Duesseldorf due to the need of unexceptional uni-directional taxiways and traveling direction for links between taxiways. One CA model using a number of speed for taxiing is the model of Mori et al. [13, 14] . It was developed for simulating ground traffic on the international Narita airport of Tokio (Japan). This model is specially tailored to this airport (e.g. the airplane detection system at this airport) however, does not use randomization, which is a very important point at the airport of Duesseldorf (see Sec. 3.1). Therefore, a modified CA model based on the experiences of the model by Mori et al. and the CA model for road traffic [5] is developed for simulating ground traffic on airports like the international airport of Duesseldorf in Germany.
The main purpose of this model is to reduce the airplanes' taxiing times for three main reasons. First, the airport itself is interested in reducing taxiing times. Each airplane taxiing needs the attention of the tower agents. Too many airplanes taxiing at the same time will increase the probability of mutual obstruction. Especially on airports with limited space like Duesseldorf this is an important task in order to allow undisturbed taxiing. Second, airplane companies are interested in reducing taxiing times in order to reduce the total ground time of airplanes as they benefit from flying airplanes and not from airplanes on the ground. A last purpose is to reduce fuel consumption. The International Civil Aviation Organization (ICAO) assumes airplanes taxiing at 7 % thrust (engine power setting) [15] . Further publications using flight data recorder archives propose different values from 4 % [9] up to 9 % [17] . By use of the ICAO thrust value, fuel burn for the most used airplanes in Duesseldorf can be found in Tab. 1. The values are outlined for one engine. All airplanes represented in Tab. 1 have two engines. For more information about fuel consumption and emissions see [18] [19] [20] .
To reach a reduction in taxiing times, different scenarios are simulated and average taxiing times are compared. In this paper taxiing times are defined as follows: for departing airplanes the taxiing time starts immediately when starting the push-back process at the gate and ends when lifting off the runway. For arriving airplanes the taxiing time starts when touching down on the runway and ends when reaching the final parking position at the gate. All possible waiting times in between, for instance in crossing situations, are part of the taxiing time. The results are used for optimizing the procedures by the German air-traffic-control on the airport of Duesseldorf in order to increase the airlines' and the passengers' satisfaction.
The CAMAT-Model for airplane ground traffic
The CAMAT-Model is a model for simulating airplane ground traffic on major international airports. It considers arriving and departing airplanes. In the model, the main steps of the Nagel-Schreckenberg-Model for road traffic [5] (acceleration, deceleration and randomization) are adopted and new rules for airplanes are supplemented. In the following section the main rules and specifications of the model and the implementation of the model on the airport of Duesseldorf are presented.
Specifications and rules of the CAMAT-Model
Cell size The cell size is set to 5 m. This is small enough to map all common types of airplanes (e.g. a Cessna 152 needs 1 cell, an Airbus 320-200 and a Boeing 737-800 8 cells, an Airbus A330-200 12 cells, a Boeing 747-400 14 cells, and an Airbus 380-800 15 cells).
Time step
The time step is 1 s due to the reaction time of human beings and a parallel update is used.
Acceleration, breaking and randomization The velocity of airplanes on the ground is limited to 2 cells per second (10 m/s) which is the maximum allowed speed for taxiing. On runways the maximum speed is unlimited. This means that departing airplanes accelerate as quickly as possible to reach their take-off speed and lift off the runway. At this point, the airplane leaves the simulated network and the runway is unusable for other airplanes. Arriving airplanes use their landing speed until touch-down and decelerate until reaching their taxiing speed.
Acceleration and deceleration depend on the airplanes' weight class, which is classified based on the airplanes' maximum take-off weight (MTOW) by the ICAO [21] :
• Light (L) MTOW of 7,000 kg (15,000 lb) or less
• Medium (M) MTOW of greater than 7,000 kg, but less than 136,000 kg (300,000 lb)
• Heavy (H) MTOW of 136,000 kg (300,000 lb) or greater
• Super (J) refers only to Airbus A380 and Antonov An225
In the CAMAT-model an airplane can accelerate one unit per 2 or 3 seconds (2 for L and 3 for M, H, and S). For deceleration it is important to distinguish between an airplane on the runway and an airplane on the taxiway. On the taxiway the deceleration is unlimited. On the runway the deceleration is one unit per 2 to 4 seconds (2 for L, 3 for M and H, and 4 for S).
Randomization is a relevant issue for airplanes taxiing on a taxiway network. It occurs while taxiing on taxiways from runway to gate or from gate to runway. There are several reasons for this randomization:
• Multiple parallel tasks: While taxiing to the departure runway pilots have to read checklists carefully, talk to air traffic control (ATC) via radio to receive clearances for crossing runways etc. and discuss the given departure route.
• Preparation for the next flight: Pilots of arriving airplanes often start preparing for the next flight while taxiing to the gate in order to shorten ground time. This is especially significant for short distance flights.
• Ignorance of the airport: Pilots perform flights to various airports. Taxiing routes on airports are given labels of run-and taxiways (letters and numbers) through ATC and have to be understood by using special maps. This can lead to deceleration or even stopping on taxiways. In Fig. 1 the interpolated velocity-time plot exemplary for 10 airplanes taxiing on taxiway M without external influences is shown. A speed drop can be seen in nearly every single plot. Due to an airplane's high weight these fluctuations last longer than the fluctuations in car traffic which are typically implemented by a duration of 1 s [5] . A value of 10 s is a good average value according to visual observations and the assessment of tower agents.
To quantify the fluctuation's influence on taxiing times a comparison between optimum times (with constant speed 10 m/s) and real times (collected through visual observation at the airport of Duesseldorf) was carried out. Therefore all collected taxiing times of various hours with different characteristics (daytime, season) were summed. A probability of 1 % for arriving airplanes and 3 % for departing airplanes reproduce the collected data on a high exactness.
According to the original Nagel-Schreckenberg-Model the rules can be described as follows:
v n max = maximum speed of airplane n according to movement type (taxiing, take-off, landing)
v taxi = standard speed of taxiing on taxiways (2 cells per second) t A n = time required for one unit of acceleration due to classification of airplane n according to ICAO t D n = time required for one unit of deceleration on the runway due to classification of airplane n according to ICAO d n = actual distance from airplane n to next airplane in front of airplane n p n = probability of airplane n for randomization on taxiways (1 % for arriving airplanes and 3 % for departing airplanes)
• Step 1: Acceleration If airplane has not accelerated in last t A n timesteps and is not on runway after landing
else v n → v n = v n .
(2)
else if airplane is on runway and has not decelerated
• Step 3: Randomization If airplane is on taxiway and did not reduce speed due to randomization in last 10 s v n → v n = max(v n − 1, 0) with probability p n , v n with probability 1 − p n ,
• Step 4: Taxiing Airplane n taxies with new speed v n (t + 1) = v n exactly v n (t + 1) cells
Minimum distance and convergence of airplanes on the ground Airplanes on ground adhere a minimum distance of 20 cells due to the jet blast and possible damages. To avoid unnecessary breaking, the following airplane reduces its velocity to 1 cell per second if the distance gets closer than 150 cells between the airplanes.
Crossing situations In real life ATC is responsible for all crossing situations on an airport. In the simulation the airplane arriving first at a crossing between two taxiways has the right of way. If they arrive at the same time the simulation has to dice. The crossing of runways with taxiways is very simple and only possible if the runway is free of airplanes.
Otherwise the airplane on the taxiway has to stop at the holding point (a line marked on the taxiway just before the taxiway crosses the runway) and wait for permission to cross.
Pushback of airplanes The first action of a departing airplane is the pushback. The airplane has to be pushed backwards from the terminal onto the taxiway because it is not allowed to use the reverse thrust in this phase. The process of pushback normally takes 3 to 5 minutes and depends on the position of the gate used by the airplane.
Gate position The actual used gate depends on the local airport company, the airplane company which is responsible for the flight (due to strategic alliances airplanes of all related companies use the same terminal if possible) and customs (depending on the destination).
The airport of Duesseldorf
The international airport of Duesseldorf (ICAO code EDDL) consists of two parallel runways and was opened in 1927. In 2016, 23.5 M passengers were processed and the airport handled 217,500 airplane movements [23] . The prognosis for 2017 and 2018 is an exceedance of the 24 M passenger mark. There are lots of crossing situations due to the layout of the airport and the limited space. The airport's two runways are too close to each other to be operated independently because the distance is less than 1,035 m [24, 25] (see Fig. 2 ). This means that take-off clearances on one runway can only be given if the second runway is free of potentially conflicting traffic.
Runways are named using a two-digit number between 01 and 36 [26] . This is the whole number closest the one-tenth of the magnetic North when viewed from the direction of approach. On parallel runways the number is supplemented with a letter (L for left, C for center, and R for right), in the order shown from left to right when viewed from the direction of approach. Most runways can be used in two directions depending on the direction of wind. Airplanes always take off and land working against the wind because the relevant speed for their uplift is the airplane's velocity in relation to the surrounding air. According to this the two runways in Duesseldorf are named as followed:
• 05R/23L (the southern runway): This runway has a length of 3,000 m [24] and is situated near the terminal.
• 05L/23R (the northern runway): This runway has a length of 2,700 m [24] . Airplanes have to cross the southern runway to reach the northern runway. If the prevailing wind direction is west or south the direction of operation is called 05 (according to the names of the runways). If it is north or east the direction of operation is called 23. This is important due to the asymmetric layout of the airport.
In 1965 the airport and the nearby towns reached a settlement for reducing noise pollution by limiting airplane movements. This settlement, called the "Angerlandvergleich" [27] , is a unique fact about the airport. On the basis of the "Angerlandvergleich" the following relevant restrictions for using the second runway built in 1997 exist: first, the airport is allowed to use the second runway only half-time. Second, the local government determines the usage times one week in advance. According to this, two different ways of operation have to be distinguished at the airport of Duesseldorf:
• Single-runway-operation (SRO): Only one runway is allowed to be used for takeoffs and landings. If there is no construction work or technical problem runway 05R/23L (the southern runway) is used in this case because of the runway length.
• Dual-runway-operation (DRO): Both runways are allowed to be used. Normally runway 05R/23L (the southern runway) is used for take-offs and runway 05L/23R (the northern runway) is used for landings. Only the Airbus 380 has to land on the southern runway because the northern runway has no permission for landings of this type due to the length.
In SRO the capacity limit is 43 airplane movements (take-off and landing) and in DRO 47 airplane movements [28] . The increase of only four airplanes is the result of the dependency in operation between the runways because of the distance in between.
Real-world data from the airport of Duesseldorf
As input for the CAMAT-Model real-world data from the airport of Duesseldorf is needed. The biggest challenge is radar only providing pictures with numbers of disturbances due to radar shadow. In addition, it is difficult to distinguish between small airplanes and ground facilities, such as busses, without additional information. The identification by the airplanes' transponder is mostly not possible because some airplanes power the transponder on just before line-up on the runway. As a result, visualization systems such as fligh-tradar24 [29] only map a subset of the airplanes (see Fig. 3 ). Furthermore, there is no multilateration detection system currently installed on the airport of Duesseldorf like on the airport of Tokio mapping airplanes and vehicles every second with an accuracy of 7.5 m. It is planned to install an "Advanced Surface Movement Guidance and Control System" [30] in the next years. Hence, at the present time only visual observation is possible on the airport of Duesseldorf. To obtain relevant information, passing times are collected for airplanes at defined checkpoints (crossings of taxiways or taxiways with runways, see Fig. 4 ). As a result taxiing times are obtained for every section on taxiway and runway. The obtained taxiing times are shown in Tab. 2. On each runway airplanes can take off and land in two directions depending on the direction of the wind. The data of each direction of operation has to be collected independently. Furthermore a differentiation between SRO and DRO is important to obtain relevant data. This data is complemented by data of ATC. Above all information about gates and routes used by the airplanes is an important issues. It should be noted that especially the taxiing routes are the result of tower agents' long-term experience. These are not documented. The routes used in the simulation are set as a result of intensive discussions with the agents on the tower of Duesseldorf airport.
A comparison between real-world data and simulation was realized on both runways. Data from each runway was compared for both directions of operation with the necessary distinction between SRO and DRO. The following figures represent a selection of all comparisons. Figure Fig. 6 presents the comparison for arriving airplanes on runway 05L in DRO (in SRO runway 05L is not used). On the x-axis the distance starting at checkpoint M on the runway and on the y-axis the averaged taxiing time starting when passing checkpoint M is plotted. In addition the position of all passed checkpoints is marked with green lines. The averaged trajectories of real-world and simulated data are very similar and differ only slightly. The slope of the trajectories shows the airplane's velocity. An increased slope indicates a decreased velocity. Figure Fig. 7 shows the same comparison but for departing airplanes on runway 05R. This runway is used for departing airplanes in SRO and DRO. The direct comparison shows a lower taxiing time for airplanes in DRO due to the higher capacity of the airport in this mode. 
Simulation and optimization of airplane traffic at the airport of Duesseldorf
In this section a simulation of closures of taxiways and an optimization through changing the layout is presented. Taxiing times are compared to original times without construction work or optimization. The taxiing times presented in this chapter are the result of a number of simulations. Each simulation uses the following real-life input data:
• airplanes' arrival times,
• time of starting pushback for departing airplanes,
• taxiing routes for arriving and departing airplanes as used by ATC (for simulations without closures or optimization).
To make the result most realistic 10 independent sets of data, each containing the realistic sequence on the airport of Duesseldorf for one hour at peak hours, are used. They were recorded on different weekdays and seasons.
The simulations are distinguished by SRO and DRO. Furthermore the results of the simulations have to be differentiated between the two directions of operation. This leads to four possible combinations, having to be applied to each scenario:
• SRO and direction 05,
• DRO and direction 05,
• SRO and direction 23,
• DRO and direction 23.
In each combination taxiing times are separated for arriving and departing airplanes and summed for one hour. Each combination is simulated 100 times for one set of data. The outputs of the resulting 1,000 simulations are averaged. Altogether, this leads to 4,000 simulations for one scenario.
The figures in this chapter present the changes in taxiing times occurring when applying a scenario compared to the taxiing times without this scenario.
Simulation of taxiway closures due to construction work
In this scenario the runway exits for leaving the runway after touchdown are closed resulting in the fact that airplanes cannot exit the runway via K2 and L3 when runway 05 is in use or via K3, L6 and L7 when runway 23 is in use (see Fig. 8 ). All arriving traffic normally leaving the runway at the now closed exits has to taxi to the end of the runway. As a result, the following possibilities to exit remain:
• Runway 05L: exit via K1 and L1
• Runway 05R: exit via L1 or L4
• Runway 23L: exit via L5, L8 or L9
• Runway 23R: exit via K5 and L9
The new taxiing routes are realistic routes which tower operators would use in this case. Every taxiway and runway has to be closed from time to time for renovation work, so that operators had to deal with a comparable situation in the past. This expert knowledge has been exploited for determining the modified taxiing routes.
The closures hardly have an effect on taxiing times of departing airplanes as they mostly start their take-off process at the beginning of the runway. Impacts can only be expected during taxiing from terminal to runway. These impacts have to be analyzed separately for both directions (05 / 23) and modes of operation (SRO / DRO). Fig. 9 presents the results of simulating this scenario, clarifying that taxiing times for all modes of operation and direction increase. It is obvious that the degree of increase differs. On the right axis in Fig. 9 averaged increase in fuel consumption can be seen. These numbers are based on the consumption of an Airbus 320, which is the most common airplane at the airport of Duesseldorf and are summed and averaged for one hour of operation. For arriving airplanes the increase per hour of the taxiing times is 160 s in SRO and 1.099 s in DRO. The increase in SRO is a result of the longer taxiing routes because of the closure of taxiway L3. All airplanes normally leaving the runway via L3 have to taxi to the end of the runway and exit there. Due to the fact that there is another taxiway L4 in front of L3, smaller airplanes leave the runway in the same way as if there were no closure of L4. Only heavier airplanes have to extend their taxiing on the runway. In DRO all airplanes land on runway 05L. Normally there are two possibilities to vacate the runway, K1 and K2. Due to the closure of K2 there is no alternative to K1 left. All airplanes have to vacate runway 05L via K1 and L1. This leads to a significant increase in taxiing times compared to SRO, especially for smaller airplanes.
Direction of operation 23 Compared to direction of operation 05, direction 23 shows a varying development when closing taxiways K3, L6 and L7. The increase for departing airplanes is higher (489 s in SRO and 656 s in DRO) because of the layout of the airport. The terminal and the main apron are situated at the west part of the area, near to the runways. There is no chance to pass this area except passing on taxiway M. This leads to a significantly higher interaction between departing and arriving airplanes and an increase of their taxiing times because of waiting times. Arriving airplanes in direction 23 require 966 s more in SRO and 979 s more in DRO in one hour of operation. This increase in both modes of operation results from the layout of the airport. In contrast to SRO in direction 05, all airplanes landing in direction 23 have to interact with departing airplanes and lose time while waiting for cleared taxiways and crossing situations.
Optimization through changing the layout
This scenario deals with a possible extension of the taxiway network. The impact of a new proposed taxiway N which runs parallel to the runways and taxiway M is analyzed (see Fig. 10 ). Some parts of the new runway N are already built. In the eastern part of the airport the beginning of taxiway N is already in use but ends at taxiway T at the beginning of apron V east. This taxiway would be extended and culminate in taxiway T west of taxiway P1. West of P4 a new part has to be built until terminating at taxiway L9. Due to this new taxiway the airport could operate in a more flexible way. The fact that only one taxiway actually exists is one of the airport's main weaknesses. An appropriate measure of extension is the tower crew's main request for the future.
According to the tower crew taxiways M and N would be used in different directions for taxiing in case of extension. All adjusted taxiing routes for this scenario are results of locals' expert opinions involved in working in the tower at the airport of Duesseldorf. The impacts of this new taxiway N are analyzed below to demonstrate the meaningfulness of this measure. Fig. 11 shows the results of simulating the second scenario. In contrast to the first scenario taxiing times for all modes of operation and direction decrease in different degrees. On the right axis in Fig. 11 averaged decrease of fuel consumption is shown. These numbers are based on the consumption of an Airbus 320 and are summed and averaged for one hour of operation like in the first scenario. Direction of operation 23 In direction 23 the reduction for departing airplanes is 503 s in SRO and 365 s in DRO. The reduction for arriving traffic is 1392 s in SRO and 1254 s in DRO. Again, this is the direct result of the separation of inbound and outbound traffic nearly until arriving at the gate. The higher rate of reduction in contrast to direction 05 can be explained by the asymmetrical layout of the airport. This leads to a different degree of reduction between the direction of operation due to avoiding more crossing situations after building the second parallel taxiway in direction 23.
Conclusion and Outlook
In this paper the CAMAT-Model (Cellular Automaton Model for Airplane Traffic) and some application examples are presented to show the possibility of a realistic airport ground traffic simulation at the airport of Duesseldorf. The characteristics of the model are explained and examples for its utilization are given. The adjustment of the simulated results with real-world data is conducted by data of visual observations from the airport of Duesseldorf combined with data of ATC. As a result the averaged aberration of the CAMAT-Model is maximally 3 % (typically 1-2 %) when comparing simulated taxiing times with real-world data at peak hours. By using the model, simulating new taxiing routes on the actual layout of an airport and simulating new airport layouts in advance becomes possible.
Two examples of utilization are given. First, a scenario with closures of taxiways, for instance due to renewal of asphalt, is given. A second scenario deals with a possible extension of the taxiway network and presents the results of building a second parallel taxiway. The adjustments of taxiing routes are the result of expert assessments by the crew of the tower in Duesseldorf and are based on experience. The changes in taxiing times show the effects on taxiing time for these scenarios and help to estimate the consequences for the airport.
The German air-traffic-control and the airport Duesseldorf GmbH have valued the results of the simulations and shown strong interest in cooperating with the university to accompany their airport planning in the future, especially in the numerous cases of taxiway or apron work. This will help to further refine the model and have definite applications for this research.
Moreover extensions of the model will deal with the implementation of ground facility traffic, like fuel vehicles, Follow-Me-Cars, busses, etc. and the simulations of new airplane systems, like the Break to Vacate system (BTV) [31] , which is a subset of the airplane's flight computer. It allows the computer to be programmed for a pre-selected stopping distance, indicating the required combination of brakes and thrust reversers to achieve that distance.
